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Abstract 

Composite materials have promising potential for renew-

able energy applications, such as the structure for the Oscil-

lating Water Column (OWC). As OWC structures are con-

tinuously subjected to impulsive wave loads, understanding 

their structural response is crucial for ensuring reliability 

and safety. This study investigates the structural strength 

and integrity of composite sandwich panels under impulsive 

loading using the Finite Element Method (FEM) implement-

ed in ABAQUS® Simulia with an adapted Underwater Shock 

Loading Simulator (USLS) model. Various configurations 

are evaluated by combining different facesheet materials, 

core types, and adhesive systems. The results show that PVC 

foam cores provide superior stiffness with displacements as 

low as 1.3 mm. In terms of impulse transmission, Nomex 

honeycomb cores exhibit the best damping performance, 

reducing reaction forces to approximately 3.5 kN. Energy 

absorption analysis reveals that the carbon-SAN foam-poly-

urethane configuration achieves the highest absorbed energy 

of 22 kJ. 

Ključne reči 

• eksplozivno opterećenje 

• apsorpcija energije 

• analiza konačnim elementima 

• maksimalni kapacitet 

Izvod 

Kompozitni materijali imaju potencijal u primeni obnov-

ljivih izvora energije, kao što je konstrukcija za oscilujući 

vodeni stub (OWC). Pošto su OWC konstrukcije kontinuirano 

izložene talasnim opterećenjima, razumevanje njihovog kon-

strukcionog odgovora je ključno za pouzdanost i bezbednost. 

Ova studija istražuje čvrstoću i integritet kompozitnih send-

vič panel konstrukcija pod impulsnim opterećenjem koriš-

ćenjem metode konačnih elemenata (FEM) implementirane 

u ABAQUS® Simulia sa prilagođenim modelom simulatora 

podvodnog udarnog opterećenja (USLS). Različite konfigu-

racije su procenjene kombinovanjem različitih materijala 

oklopnog sloja, tipova jezgara i sistema lepljenja. Rezultati 

pokazuju da jezgra od PVC pene pružaju superiornu krutost 

sa pomeranjima i do 1,3 mm. U smislu prenosa impulsa, 

jezgra od Nomex saća pokazuju najbolje performanse pri-

gušenja, smanjujući sile reakcije na približno 3,5 kN. Analiza 

apsorpcije energije otkriva da konfiguracija karbon-SAN 

pena-poliuretan postiže najveću apsorbovanu energiju od 

22 kJ. 

INTRODUCTION 

The increasing global energy demand underscores the 

importance of developing sustainable renewable energy tech-

nologies /1-3/. Among the available alternatives, the utilisa-

tion of ocean wave energy through the Oscillating Water 

Column (OWC) system represents a promising renewable 

energy option with significant potential for both coastal and 

offshore applications. The OWC structure operates by using 

the oscillation of a water column induced by ocean waves 

to drive an air turbine, thereby generating electrical energy 

in a continuous manner /4/. During operation, OWC struc-

tures are continuously exposed to dynamic and impulsive 

wave loads, including extreme wave pressures and transient 

loads caused by varying sea conditions. These loads may 

induce high stresses, local deformation, and structural 

damage, making structural strength and integrity key factors 

in ensuring the reliability and safety of the OWC structure. 

Conventionally, OWC structures, particularly floating 

types, are designed using metallic materials such as steel 

and aluminium, /5/. Although these materials provide good 

structural strength, they also have disadvantages, including 

relatively high weight, susceptibility to corrosion, and high 

installation and maintenance costs in marine environments 

/6/. These limitations have increased interest in composite 

materials as alternative structural materials for marine and 

ocean energy systems due to their high strength-to-weight 

ratio and good corrosion resistance, /7, 8/. 
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One widely developed type of composite material is the 

sandwich composite which consists of a facesheet that resists 

bending stresses and a core layer that increases stiffness and 

absorbs impact loads, with both layers bonded using adhe-

sive materials /9, 10/. The structural efficiency and energy-

absorption capabilities of sandwich composites have encour-

aged their application in various engineering structures, 

including marine and offshore systems /11/. However, 

studies that specifically investigate the application of sand-

wich composites in OWC structures remain limited. There-

fore, further investigation is required to evaluate the response 

and resistance of sandwich composites to impulsive loads 

acting on OWC structures, particularly under extreme wave 

conditions. 

Previous research on OWC structures has mainly focused 

on hydrodynamic analysis and the identification of stress 

distribution and critical structural regions under wave loading 

/12-14/. One of the significant load types acting on OWC 

structures is impulsive loading caused by extreme ocean 

waves. To investigate structural responses under impulsive 

loading, several previous studies have employed USLS 

approach. Avachat et al. /15/ examined the response of CFRP 

and GFRP laminates under impulsive loading using the 

USLS method. Feng et al. /16/ studied the influence of foam 

core type and thickness on the impulsive response of sand-

wich panels. Wei and Rong /17/ analysed the behaviour of 

CFRP laminates under impulsive loads. These studies indi-

cate that the USLS method is a promising approach for repre-

senting impulsive loading, yet investigations covering multi-

ple sandwich composite configurations remain limited. 

Based on this background, the present study proposes 

investigating the dynamic response of sandwich composite 

panels in oscillating water column structures under impulsive 

loading in marine environments using an USLS approach 

modelled through the finite element method (FEM). The 

analysis evaluates maximum capacity, stress distribution, and 

energy absorption in sandwich composite structures with 

various face-sheet materials, core types, and adhesive mate-

rials. The findings of this study are expected to provide a 

basis for developing lightweight, strong, and impulsive-load-

resistant sandwich composite-based OWC structures for 

marine applications. 

METHODS 

Impulsive load simulation 

In this study, the wave impacts on the OWC structure are 

represented as seawater impulsive loads that are numerically 

modelled using an USLS by applying controlled impulsive 

loading to test specimens. The numeric USLS model is dupli-

cated from a previous experimental study by He et al. /18/ 

as illustrated in Fig. 1. 

The detailed schematic simulation is available in /16/. In 

principle, the impulsive load is generated by the impact 

between a flyer and a piston, which triggers the formation 

of a pressure wave within the fluid. This pressure wave prop-

agates and reflects at the interface between the piston and 

the fluid domain, resulting in an equivalent shock wave. As 

the shock wave travels through the target chamber, its mag-

nitude decays exponentially before finally reaching the test 

specimen. 

 
Figure 1. Schematic underwater shock loading simulator, /16/. 

In a floating OWC structure, impulsive loading represents 

extreme wave impact events caused by steep or breaking 

waves that generate very high pressures within a short dura-

tion characterised by a rapid pressure rise and brief loading 

time; therefore, this impulsive load is applied as a conserva-

tive approach to evaluate the maximum strength and energy 

absorption capacity of the sandwich composite panel under 

extreme wave impact conditions. 

According to Taylor’s analysis, the shock wave pressure 

generated by an underwater explosion can be expressed as: 

 
0

0

( ) exp
t

p t p
t

 
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 

, (1) 

where: p0 represents peak pressure; and  is decay time. The 

flyer mass per unit area determines both parameters mf and 

initial impact velocity v0. Therefore, the peak pressure can 

be expressed as: 

 
0 0w wp c v= . (2) 

Meanwhile, the decay time of the pressure wave is given by: 
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The total impulse generated by the shock wave is defined as: 
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To compare the responses of various sandwich structures 

under different impulsive loading conditions, the concept of 

dimensionless impulse is used /3/, which is defined as: 

 0ˆ

y

I
I

M  
= , (5) 

where: M̄ is mass per unit area; y is yield stress of the mate-

rial; and  is the target material density. 

Finite element simulation 

The overall research workflow is illustrated in Fig. 2. This 

study begins with a literature review examining relevant 

theories, numerical methods, and prior studies. Based on this 

theoretical foundation, the numerical simulation is then 

developed using ABAQUS® Simulia, applying the FEM /19/ 

and Coupled Eulerian-Lagrangian (CEL) method to model 

the interaction between solid structures and the fluid domain. 

To implement this numerical framework, the research is 

initiated by modelling the USLS geometry based on prede-

fined dimensions, defining material properties, specifying 

interactions between parts, and applying loading and bound-
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ary conditions. Meshing process is subsequently carried out 

along with a mesh convergence analysis to determine the 

optimal element size and ensure accurate and stable simula-

tion results. 

Simulation Setup

Create Part 

Simulation

Define Load and 

Boundari condition
Generated Mesh

Define Interaction 

each part

Mesh Convergence 

Analysis

Adjust Adhesive 

Material 

• Epoxy

• Polyurethane

• Vinylester

Comparasion Output and 

Analysis Result Each Variation

Adjust Core Type

• PVC Foam

• Nomex 

Honeycomb

• SAN Foam

Change Material 
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• Carbon

• Aramid

• Basalt

Case Study

Step 1

Step 3

Core Type variationMaterial Variation Material Adhesive variation

Step 4

Input material 

properties

Get best mesh size

Benchmarking

Step 2

Peak Pressure Error below 

10% compared to He et al. 

Study

 
Figure 2. Research flow of the current study. 

The developed simulation model is validated through 

benchmarking against the study conducted by He et al. /18/, 

with a target error of less than 10 %. After the model is 

validated, further analyses are performed by varying several 

parameters, including the facesheet material, core material 

type, and adhesive material. The results of each variation are 

compared and analysed to assess the influence of each 

parameter on the structural response, yielding the study's 

main conclusions. 

The materials defined in this study include a fluid domain 

modelled using an Equation of State (EOS), steel 4340 used 

for the water tank and flange, steel 4140 used for the piston 

and flyer, and the specimen material under investigation. 

Material properties for both the fluid domain and the solid 

domain applied in the simulation are presented in Tables 1 

and 2. 

Table 1. Material properties for steel 4340 and steel 4140 /18/. 

Materials 
Density 

 (kgm–3) 

Young modulus 

E (GPa) 

Poisson 

ratio  

Yield stress 

y (MPa) 

steel 4340 7850 205 0.29 470 

steel 4140 7850 205 0.29 1000 

Table 2. Material properties of water /20/. 

Density 

 (kgm–3) 

Speed of sound 

c0 (ms–1) 

Gamma 

  

1000 1482 0.1 

The test specimen used for the validation process consists 

of aluminium 3004 as the facesheet material and aluminium 

foam as the core material. The facesheet has a thickness of 

0.4 mm, while the core has a thickness of 14 mm. The mate-

rial properties of aluminium 3004 and aluminium foam core 

are presented in Table 3, and the failure criterion applied to 

the facesheet material is the ductile damage model with 

Johnson-Cook parameters. Material properties are defined 

under dry conditions, and the effects of seawater immersion 

or long-term water absorption on material degradation are 

not considered. 

Table 3. Material properties of Al 3004 and Al foam, /20/. 

Parameters Symbol Units Al 3004 Al foam 

Density  kg/m3 2700 300 

Young’s modulus E GPa 70 5 

Poisson’s ratio   0.3 0.3 

Yield stress (Johnson-Cook) A MPa 125 125 

Hardening modulus 

(Johnson-Cook) 
B MPa 282.5 282.5 

Strain rate sensitivity 

Johnson-Cook 
C - 0.0832 0.084 

Strain hardening exponent N - 0.44 0.44 

Thermal softening exponent M - 2.09 2.09 

Boundary conditions are applied to represent the physical 

constraints of the system during simulation. In this study, 

an encastre boundary condition [U1, U2, U3, UR1, UR2, 

UR3=0] is imposed on the water tank and flange to ensure 

that these components remain fully fixed. All solid compo-

nents are modelled using three-dimensional finite elements 

of type C3D8R, while the composite structures are repre-

sented using shell elements of type S4R (with 4 nodes /21/), 

and the adhesive layers are modelled using cohesive ele-

ments of type COH3D8. Initial mesh sizes for each compo-

nent are adopted based on the study by He et al. /18/ as the 

reference model. The meshing process is then performed 

for each component, with detailed mesh sizes presented in 

Fig. 3. For the water domain, the mesh size is further evalu-

ated using a mesh convergence analysis to obtain optimal, 

numerically stable simulation results. 

 
Figure 3. Mesh size for each part and the boundary condition. 

Interactions between parts in the simulation are defined 

using general contact, while the interaction between piston 

and flyer is modelled using surface-to-surface contact. For 

the sandwich panel specimen, a tie constraint is applied to 

bond the facesheet layers of the lamina. The loading condi-

tion is defined by applying an initial velocity (v0) to the 

flyer, which generates the initial pressure when the flyer 
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impacts the piston. In addition, a gravity acceleration of 

9.81 m/s² and a hydrostatic pressure of 101 Pa are applied, 

primarily in the fluid domain. A predefined field is used to 

define the Eulerian domain representing water and air. 

Parametric case study 

Case studies conducted in this research include variations 

in facesheet materials, core types, and adhesive materials. 

These parameter variations are systematically designed to 

analyse the influence of each factor on the structural response 

and performance. Detailed specifications for each planned 

case configuration are presented in Table 4. 

Table 4. Configurations of the parametric study. 

Case code 
Parameters 

Face sheet material Core type Adhesive 

F1-C1-A1 carbon PVC foam epoxy 

F1-C1-A2 carbon PVC foam polyurethane 

F1-C1-A3 carbon PVC foam vinyl ester 

F1-C2-A1 carbon Nomex honeycomb epoxy 

F1-C2-A2 carbon Nomex honeycomb polyurethane 

F1-C2-A3 carbon Nomex honeycomb vinyl ester 

F1-C3-A1 carbon SAN foam epoxy 

F1-C3-A2 carbon SAN foam polyurethane 

F1-C3-A3 carbon SAN foam vinyl ester 

F2-C1-A1 aramid PVC foam epoxy 

F2-C1-A2 aramid PVC foam polyurethane 

F2-C1-A3 aramid PVC foam vinyl ester 

F2-C2-A1 aramid Nomex honeycomb epoxy 

F2-C2-A2 aramid Nomex honeycomb polyurethane 

F2-C2-A3 aramid Nomex honeycomb vinyl ester 

F2-C3-A1 aramid SAN foam epoxy 

F2-C3-A2 aramid SAN foam polyurethane 

F2-C3-A3 aramid SAN foam vinyl ester 

F3-C1-A1 basalt PVC foam epoxy 

F3-C1-A2 basalt PVC foam polyurethane 

F3-C1-A3 basalt PVC foam vinyl ester 

F3-C2-A1 basalt Nomex honeycomb epoxy 

F3-C2-A2 basalt Nomex honeycomb polyurethane 

F3-C2-A3 basalt Nomex honeycomb vinyl ester 

F3-C3-A1 basalt SAN foam epoxy 

F3-C3-A2 basalt SAN foam polyurethane 

F3-C3-A3 basalt SAN foam vinyl ester 

Facesheet materials considered in this study are compo-

sites with high resistance to harsh seawater environments: 

carbon fibre-reinforced polymer (CFRP), aramid fibre-rein-

forced polymer (AFRP), and basalt fibre-reinforced polymer 

(BFRP). Mechanical properties are presented in Table 5. 

The damage initiation of the composite facesheet is evalu-

ated using the Hashin failure criteria, which distinguishes 

between fibre and matrix failure modes under tensile and 

compressive loading conditions, following Eqs.(6)-(9). 
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22and   0  , (9) 

where: 11, 22, and  represent stresses; sti, sci, and ssij 

denote the tensile-, compressive-, and shear strengths, respec-

tively. Parameter  is a coefficient (0.0    1.0) associated 

with shear stress 12. 

Table 5. Material properties: CFRP /15/, AFRP /22/, BFRP /23/. 

Parameters Symbol Units CFRP AFRP BFRP 

Density  kgm–3 1580 1400 2700 

Poisson ratio  - 0.29 0.4 0.2 

Longitudinal tensile modulus E11 GPa 138 83 37.7 

Transverse tensile modulus E22 GPa 10 7 5.237 

Shear modulus G12, G13 GPa 5.24 2.1 3.07 

Longitudinal tensile strength T11 GPa 2.28 1.377 1.1 

Long.compressive strength C11 MPa 1330 235 750 

Transverse tensile strength T22 MPa 57 18 35 

Trans.compressive strength C22 MPa 228 53 150 

Longitudinal shear strength S12, S13 MPa 71 34 60 

Transverse shear strength S23 MPa 71 34 60 

Core materials include PVC foam, Nomex honeycomb, 

and styrene acrylonitrile (SAN). Core material properties are 

summarised in Table 6. In addition, the adhesive materials 

employed in this study are araldite 138 epoxy, Sikaflex-292i 

polyurethane, and Atlac 580 vinyl ester, with their corre-

sponding mechanical properties listed in Table 7. 

Table 6. Core material properties: PVC foam /24/, Nomex 

honeycomb /25/, SAN foam /26/. 

Materials 
Density 

 (kgm–3) 

Young modulus 

E (MPa) 

Poisson ratio 

 

PVC foam HP 200 200 310 0.4 

Nomex honeycomb 1400 3400 0.3 

SAN foam 103 85 0.3 

Table 7. Adhesive material properties: epoxy /15/, polyurethane 

/27/, vinyl ester /26/. 

Parameters Symbol Units 

Epoxy 

aral 

dite 138 

Polyurethane 

Sikaflex-

292i 

Vinyl ester 

Atlac 580 

Density  kg/m3 1100 1125 1125 

Poisson ratio  - 0.35 0.4 0.37 

Tensile 

modulus 
En GPa 2 2.25 3.5 

Shear modulus Gs, Gt GPa 2 0.821 1.28 

Critical normal 

traction 
tn

0 MPa 50 18 40.618 

Critical shear 

traction 
ts

0, tt
0 MPa 50 30 40.618 

The facesheet is bonded to the core using an adhesive 

layer modelled as a cohesive element, while the core is 

modelled using solid elements with a crushable foam mate-

rial model (see Fig. 4). As for the Nomex honeycomb core, 

its cell geometry is explicitly modelled according to the 

configuration shown in Fig. 5. 
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Figure 4. Schematic of the specimen testing model: a) composite 

sandwich layer configuration; b) fibre orientation in the facesheet. 

 
Figure 5. Geometric core honeycomb. 

BENCHMARKING STAGE 

Mesh convergence 

The mesh convergence analysis focuses on the pressure 

measured in the fluid domain, particularly at sensor B. The 

mesh size was varied from 12 to 2 mm to evaluate the influ-

ence of mesh resolution on the simulation results. The mesh 

convergence results indicate that measured peak pressure 

varies with mesh refinement, as shown in Fig. 6. 
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Figure 6. Mesh convergence analysis results. 

To assess the convergence level and evaluate the numeri-

cal discretisation uncertainty, the Richardson Extrapolation 

method and the Grid Convergence Index (GCI) are applied. 

Richardson Extrapolation estimates the asymptotic (grid-

independent) solution by assuming that numerical results 

follow a systematic convergence trend as the mesh is pro-

gressively refined. At the same time, the GCI provides a 

quantitative and conservative measure of the discretisation 

error between successive mesh refinements. The observed 

order of convergence, the extrapolated solution, and GCI 

value are calculated using Eqs.(10), (11), and (12), in respect, 
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where: p is order convergence; fext is Richardson exploration; 

f1, f2, and f3 represent numerical solutions obtained from the 

coarse, medium, and fine meshes, in respect; r is grid refine-

ment ratio; and Fs is safety factor (1.25 for a three-grid 

study). In this study, a GCI value below 2 % is adopted as 

the convergence criterion. 

The three finest mesh sizes are analysed, including 4.5, 

3, and 2 mm, with a constant refinement ratio (r = 1.5). The 

simulation results show that for 4.5 mm mesh with 87210 

elements, the measured peak pressure is 61.5 MPa. When 

the mesh is refined to 3 mm (277760 elements), the pressure 

increases to 62.85 MPa, and for the 2 mm mesh (1087240 

elements), the peak pressure reaches 63.46 MPa. 

The results of the GCI calculations are summarised in 

Table 8. The Richardson value of 63.96 MPa provides an 

estimated theoretical peak pressure for an extremely fine 

mesh and shows a consistent convergence trend toward the 

experimental reference. The GCI for the two meshes (2 and 

3 mm) is approximately 2 %, indicating good consistency 

between them. Based on this convergence behaviour, and 

considering the balance between accuracy and computational 

efficiency, the 3 mm mesh is selected as the primary mesh 

size for the subsequent analyses. 

Table 8. Simulation time comparison. 

Mesh 

size 

Element Peak 

pressure 

Relative 

difference 

GCI Simulation 

time 

4.5 mm 87210 61.5 MPa - - 62 Minute 

3 mm 277760 62.85 MPa 3.25 % 4.17 % 118 Minute 

2 mm 1087240 63.46 MPa 0.96 % 1.4 % 556 Minute 

Validation result 

Validation is carried out by comparing numerical simu-

lation results with experimental data reported by He et al. 

/16/. Experimental results show that the highest pressure 

occurs at Sensor B, with a value of 61.4 MPa at an initial 

velocity of 135 m/s, indicating the area with the most signif-

icant shock-wave response. The total simulation time is set 

to 1 ms, corresponding to the time required for the shock 

wave to propagate and dissipate within the fluid domain. 

The validation results are presented in Fig. 7. The simu-

lation predicts a peak pressure of 62.3 MPa. In comparison, 

He et al. /16/ report an experimental peak pressure of 65.1 

MPa at the same time. In their simulation, He et al. recorded 

a peak pressure of 61.4 MPa. A detailed comparison of the 

validation outcomes is summarised in Table 9. The discrep-

ancies between the results are all below 10 %, indicating 
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good agreement and confirming that the numerical model 

accurately captures shock-wave behaviour. 
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Figure 7. The pressure-time histories in sensor B. 

Table 9. Comparison of simulation results with previous research. 

Parameter Experiment Simulation 
Present 

study 

Error 

exp.  

Error 

sim. 

Peak pressure  65.1 MPa 61.4 MPa 62.3 MPa 4.3 % 1.4 % 

Pressure fluctuations observed after 0.4 ms are attributed 

to secondary reflections of residual shock waves within the 

confined fluid domain of the chamber. These oscillations 

arise from wave interactions at the chamber boundaries and 

the piston-fluid interface. Since their magnitude is signifi-

cantly lower than that of the primary peak pressure, they do 

not substantially influence the structural response assess-

ment, which is primarily governed by the initial shock peak. 

RESULTS AND DISCUSSION 

Ultimate capacity 

In this study, the ultimate capacity of composite sand-

wich structures under impulsive loading is evaluated by 

comparing maximal displacement values. All displacement 

measurements are consistently taken at the centre point of 

the composite sandwich panel to ensure uniformity and com-

parability of the results across different configurations. 

Among all variations studied, the highest maximal dis-

placement occurs in the configuration with a basalt facesheet, 

Nomex honeycomb core, and polyurethane adhesive, with a 

maximal displacement of 2.26 mm, as shown in Fig. 8. This 

result indicates that this configuration has the lowest struc-

tural stiffness under impulsive loading among the variations. 
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Figure 8. Comparison of maximal displacement in each case. 

Based on the observed graph trends, sandwich structures 

with Nomex honeycomb cores consistently exhibit relatively 

larger displacements across almost all material variations. 

This behaviour is attributed to the intrinsic characteristics of 

honeycomb cores, which have lower effective shear stiff-

ness and higher compliance in the thickness direction. Under 

impulsive loading, the thin cell walls of the honeycomb tend 

to undergo shear deformation and local buckling, increasing 

the global deflection of the sandwich panel. 

In contrast, the simulation results show that sandwich 

structures with PVC foam cores experience smaller displace-

ments. For example, in the configuration with a carbon face 

sheet and a PVC foam core, the maximal displacement 

across all adhesive material variations is only around 1.3 

mm. This indicates that PVC foam has greater resistance to 

impulsive loading than honeycomb cores. 

Effect of facesheet material 

The analysis of facesheet material variations is conducted 

to evaluate the structure's dynamic response under impulsive 

loading. Figure 9a shows the relationship between displace-

ment and time, where at 1 ms the carbon facesheet exhibits 

the highest displacement of 1.3 mm, followed by basalt at 

1.25 mm and aramid at 1.1 mm. This indicates that during 

the initial loading phase, the carbon facesheet tends to pro-

duce larger displacements. 

However, the trend shown in Fig. 9b indicates that a 

carbon facesheet does not always yield maximal deflection  
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Figure 9. Effect of facesheet material (a) time history of 

displacement (b) comparison of displacement. 
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across all configurations. In combinations using SAN foam-

vinyl ester and honeycomb-polyurethane cores, the basalt 

facesheet instead shows the highest displacement. Mean-

while, for honeycomb core configurations, the carbon face-

sheet exhibits the best structural performance, with the 

lowest displacement among facesheet materials. This con-

firms that the interaction between the facesheet, core, and 

adhesive material strongly influences the deflection response. 

Effect of core type 

The effect of different core types in this study is clearly 

illustrated in Fig. 10a, using an aramid facesheet and a poly-

urethane adhesive in a uniform configuration. 
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Figure 10. Effect of core type: a) time history of displacement; 

b) comparison of displacement. 

The analysis results show that the honeycomb core pro-

duces the largest displacement, followed by SAN foam, 

while the smallest displacement occurs in PVC foam. In 

general, the displacement response trends for each core varia-

tion exhibit a consistent pattern. However, in the configura-

tion with a carbon facesheet and SAN foam core, relatively 

larger deformation is observed, which slightly deviates from 

that observed in other configurations (see Fig. 10b). 

Effect of adhesive material 

Figure 11a shows that variations in adhesive material have 

only a limited effect on the sandwich structure’s response to 

impulse loads. In the uniform material configuration with a 

honeycomb core, the epoxy adhesive yields the highest maxi-

mal displacement of 2.26 mm, which decreases to 2.22 mm 

with polyurethane adhesive, and to 2.16 mm with the vinyl 

ester adhesive, representing decreases of 1.77 and 4.42 %, 

respectively. These results indicate that vinyl ester adhesive 

provides the best performance in resisting impulse loads. 

However, overall, the effect of the adhesive material is 

smaller than that of the core type. 
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Figure 11. Effect of adhesive material: a) time history displace-

ment facesheet material; b) comparison of displacement. 

However, the adhesive performance is still influenced by 

the configuration of the other materials, as shown in Fig. 

11b. In the uniform material configuration with a PVC foam 

core, the lowest displacement is consistently observed, 

whereas in the SAN foam core configuration, the minimal 

displacement is achieved with a polyurethane adhesive. Mean-

while, for the honeycomb core, the maximal displacement 

values are relatively uniform across all adhesive variations, 

indicating that the core's mechanical characteristics dominate 

the structural response more than the adhesive material. 

Transmitted impulse 

The transmitted impulse is analysed to determine the 

extent to which the sandwich structure can resist and trans-

mit impulse loads. In this study, the transmitted impulse 

values are obtained from the reaction force data measured 

on the specimens, particularly at the flange. The reaction 

force graphs for all case variations are shown in Fig. 12. 
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Figure 12. Time-history comparison of reaction forces based on 

core material (PVC foam, Nomex honeycomb, and SAN foam). 

The graph shows that the reaction force values of the com-

posite sandwich structure with a uniform material configu-

ration are divided into three main clusters based on the type 

of core used. The PVC foam core produces the highest reac-

tion force, reaching around 30,000 N, followed by SAN foam 

with reaction forces in the range of 17,500 N, while the 

honeycomb core shows the lowest reaction force, at only 

about 2,500 N. 

Based on the reaction force data for each variation, the 

transmitted impulse through the sandwich panel can be deter-

mined, as shown in Fig. 13. For the sandwich structure with 

a PVC foam core and a uniform material configuration, Fig. 

13a, the aramid facesheet exhibits the lowest transmitted 

impulse, at approximately 7,000 N·s, followed by basalt at 

9,000 N·s. In comparison, the carbon facesheet produces the 

highest value of 10,500 N·s. This difference indicates that 

facesheets with higher stiffness tend to transmit greater 

impulse loads to the support, as they deform less and transfer 

more energy directly rather than dissipating it through inter-

nal mechanisms. 

In the honeycomb core configuration, Fig. 13b, the anal-

ysis shows a similar trend, with the aramid facesheet consist-

ently resulting in the lowest transmitted impulse, followed 

by basalt and carbon. Meanwhile, for the SAN foam core, 

Fig. 13c, the measured transmitted impulse values are not 

entirely uniform, but they still follow the same general trend, 

with a maximal value of approximately 8,000 N·s observed 

for the carbon facesheet combined with polyurethane adhe-

sive. 
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Figure 13. Transmitted impulse of the sandwich panel: a) PVC 

foam core; b) Nomex honeycomb core; c) SAN foam core. 

In general, higher transmitted impulse values indicate a 

lower capability of the structure to dissipate impact energy, 

as most of the input energy is transmitted to the supports 

rather than being absorbed through deformation mechanisms 

and internal material damping. These observations suggest 

that while the core type primarily governs energy-absorption 

characteristics, the facesheet material also plays a significant 

role: a stiffer facesheet limits structural deformation but tends 

to transmit more energy to the support. 

Absorbed energy 

Absorbed energy represents the ability of a material to 

absorb energy from impulse loads. From the simulations with 

uniform cores, the carbon facesheet shows the highest ab-

sorbed energy (16,000 J), followed by aramid (14,000 J) with 

a polyurethane adhesive. In comparison, basalt shows the 

lowest (8,200 J), Fig. 14a. 

The high stiffness of the carbon facesheet allows the 

structure to withstand large impulse energy, so more energy 

is absorbed through global panel deformation and core com-

pression. The more compliant aramid facesheet absorbs less 

energy because panel deformation is limited, and the energy 

entering the structure is relatively low. 

A similar trend is observed for the SAN foam core, Fig. 

14b, where the carbon-SAN foam-polyurethane configura-

tion achieves the highest energy absorption (22,000 J), while 

other variations fall within 10,000-16,000 J, comparable to 

the PVC foam core. The energy absorption curve of the PVC 

foam core is gentler than that of SAN foam, reflecting dif-



Sandwich composite utilisation for floating oscillating water … Upotreba sendvič kompozita za plutajuću oscilujuću konstrukciju … 

 

INTEGRITET I VEK KONSTRUKCIJA 

Vol. 26, Specijalno izdanje A 2026, str. S45–S54 

STRUCTURAL INTEGRITY AND LIFE 

Vol. 26, Special Issue A 2026, pp. S45–S54 

 

S53 

ferences in deformation behaviour and energy dissipation 

mechanisms. PVC and SAN foam cores absorb more energy 

than honeycomb because local deformation and material 

compression dissipate part of the impulse energy. However, 

the total absorbed energy of foam cores remains limited 

because the main mechanism is local cell deformation or 

core compression rather than global panel deformation. 
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Figure 14. Absorbed energy of the sandwich panel: a) PVC foam 

core; b) Nomex honeycomb core; c) SAN foam core. 

In contrast, the Nomex honeycomb core, Fig. 14c, exhibits 

low absorbed energy (4,000 J) and relatively uniform values 

across all configurations, resulting in the highest panel dis-

placement. Although the honeycomb core effectively reduces 

the reaction force, its stiff cells limit internal deformation, 

thereby transmitting most of the energy to the supports. 

CONCLUSIONS 

This study shows that the combination of facesheet, core, 

and adhesive materials primarily governs the impulse 

response of sandwich panels. Carbon facesheet generally 

exhibits higher initial displacement than aramid and basalt, 

but with appropriate material pairing, they can achieve supe-

rior overall performance. In contrast, the more compliant 

aramid facesheet results in lower transmitted impulse and 

absorbed energy because less impulse energy enters the 

structure. 

Regarding the core, PVC foam exhibits a small displace-

ment (1.3 mm) and moderate absorbed energy (16 kJ) due 

to its balanced stiffness and effective local compression. 

SAN foam provides the highest absorbed energy (22 kJ) due 

to its greater compressive capacity, but it still transmits a 

moderate impulse (8 kN·s) because of significant core defor-

mation. Conversely, the Nomex honeycomb core produces 

a low reaction force (3.5 kN) but limited absorbed energy 

(4 kJ), as loads are primarily carried by local deformation 

of stiff, thin-walled cells, which restricts internal energy 

dissipation and increases global panel displacement. 

Adhesive material variations have a relatively minor effect 

compared to facesheet and core, although vinyl ester shows 

slightly better performance in limiting displacement under 

large core deformation. Overall, the results confirm that the 

impulse response of OWC sandwich panels is governed by 

the interplay among face-sheet deformation, core compres-

sion mechanisms, and material stiffness. These findings con-

tribute to the design of OWC sandwich structures by guiding 

the selection of material combinations that enhance impulse 

energy absorption, reduce transmission of force to supports, 

and control panel displacement, thereby improving structural 

reliability. 

However, factors such as moisture absorption, prolonged 

seawater exposure, and material ageing are beyond the scope 

of this work. Future research will address these aspects to 

provide a more comprehensive evaluation of the long-term 

durability and structural reliability of composite-based OWC. 
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